Background: The superallowed β-decay rates provide stringent constraints on physics beyond the Standard Model of particle physics. To extract crucial information about the electroweak force, small isospin-breaking corrections to the Fermi matrix element of superallowed transitions must be applied.
I. INTRODUCTION
By studying isotopes with enhanced sensitivity to fundamental symmetries, nuclear physicists can test various aspects of the Standard Model in ways that are complementary to other sciences. For example, a possible explanation for the observed asymmetry between matter and anti-matter in the universe could be studied by searching for a permanent electric dipole moment larger than Standard Model predictions in heavy radioactive nuclei that have permanent octupole shapes. Likewise, the superallowed β-decays of a handful of rare isotopes with similar numbers of protons and neutrons, in which both the parent and daughter nuclear states have zero angular momentum and positive parity, are the unique laboratory to study the strength of the weak force.
What makes these pure vector-current-mediated (Fermi) decays so useful for testing the Standard Model is the hypothesis of the conserved vector current (CVC), that is, independence of the vector current on the nuclear medium. The consequence of the CVC hypothesis is that the product of the statistical rate function f and partial half-life t for the superallowed I = 0 + , T = 1 → I = 0 + , T = 1 Fermi β-decay should be nucleus independent and equal to:
where K/( c) 6 = 2π 3 ln 2/(m e c 2 ) 5 = 8120.2787(11) × 10 −10 GeV −4 s is a universal constant; G V stands for the vector coupling constant for semi-leptonic weak interaction, and M (±) F is the nuclear matrix element of the isospin rising or lowering operatorT ± .
The relation (1) does not hold exactly and must be slightly amended by introducing a set of radiative corrections to the f t-values, and a correction to the nuclear matrix element due to isospin-symmetry breaking:
see Refs. [1] [2] [3] [4] and references cited therein. Since these corrections are small, of the order of a percent, they can be approximately factorized and arranged in the following way:
with the left-hand side being nucleus independent. In Eq. (3), ∆ V R = 2.361(38)% stands for the nucleusindependent part of the radiative correction [5] , δ ′ R is a transition-dependent (Z-dependent) but nuclearstructure-independent part of the radiative correction [2, 5] , and δ NS denotes the nuclear-structure-dependent part of the radiative correction [2, 6] .
In spite of theoretical uncertainties in the evaluation of the radiative and isospin-symmetry-breaking corrections, the superallowed β-decay is the most precise source of experimental information for determining the vector coupling constant G V , and provides us with a stringent test of the CVC hypothesis. In turn, it is also the most precise source of the matrix element V ud = G V /G µ of the Cabibbo-Kobayashi-Maskawa (CKM) three-generation quark mixing matrix [2, [7] [8] [9] . This is so because the leptonic coupling constant, G µ /( c) 3 = 1.16637(1) × 10 −5 GeV −2 , is well known from the muon decay [9] .
The advantage of the superallowed β-decay strategy results from the fact that, within the CVC hypothesis, V ud can be extracted by averaging over several transitions in different nuclei. For precise tests of the Standard Model, only these transitions that have f t-values known with a relative precision better than a fraction of a percent are acceptable. Currently, 13 "canonical" transitions spreading over a wide range of nuclei from A = 10 to A = 74 meet this criterion (have f t-values measured with accuracy of order of 0.3% or better) and are used to evaluate the values of G V and V ud [2] .
In this work we concentrate on the isospin-breaking (ISB) corrections δ C , which were already computed by various authors, using a diverse set of nuclear models [2, [10] [11] [12] [13] [14] [15] [16] [17] . The standard in this field has been set by Towner and Hardy (HT) [2] who used the nuclear shellmodel to account for the configuration mixing effect, and the mean-field (MF) approach to account for a radial mismatch of proton and neutron single-particle (s.p.) wave functions caused by the Coulomb polarization. In this study, which constitutes an extension of our earlier work [15] , we use the isospin-and angular-momentumprojected density functional theory (DFT). This method can account, in a rigorous quantum-mechanical way, for spontaneous symmetry-breaking (SSB) effects, configuration mixing, and long-range Coulomb polarization effects.
Our paper is organized as follows. The model is described in Sec. II. The results of calculations for ISB corrections to the superallowed 0 + → 0 + Fermi transitions are summarized in Sec. III. The ISB corrections to the Fermi matrix elements in mirror-symmetric T = 1/2 nuclei are discussed in Sec. IV. Section V studies a particular case of the Fermi decay of 32 Cl. Finally, the summary and perspectives are given in Sec. VI.
II. THE MODEL
The success of the self-consistent DFT approach to mesoscopic systems [18] in general, and specifically to atomic nuclei [19] [20] [21] , has its roots in the SSB mechanism that incorporates essential short-range (pairing) and long-range (spatial) correlations within a single deformed Slater determinant. The deformed states provide a basis for the symmetry-projected DFT approaches, which aim at including beyond-mean-field correlations through the restoration of broken symmetries by means of projection techniques [22] .
A. Isospin-and angular-momentum-projected DFT approach
The building block of the isospin-and angularmomentum-projected DFT approach employed in this study is the self-consistent deformed MF state |ϕ that violates both the rotational and isospin symmetries. While the rotational invariance is of fundamental nature and is broken spontaneously, the isospin symmetry is violated both spontaneously and explicitly by the Coulomb interaction between protons. The strategy is to restore the rotational invariance, remove the spurious isospin mixing caused by the isospin SSB effect, and retain only the physical isospin mixing due to the electrostatic interaction [23, 24] . This is achieved by a rediagonalization of the entire Hamiltonian, consisting the isospin-invariant kinetic energy and Skyrme force and the isospin-noninvariant Coulomb force, in a basis that conserves both angular momentum and isospin.
To this end, we first find the self-consistent MF state |ϕ and then build a normalized angular-momentumand isospin-conserving basis |ϕ; IM K; T T z by using the projection method:
whereP T Tz,Tz andP I M,K stand for the standard isospin and angular-momentum projection operators:
where,R(β T ) = e −iβTTy is the rotation operator about the y-axis in the isospace, d
T Tz Tz (β T ) is the Wigner function, and T z = (N − Z)/2 is the third component of the total isospin T . As usual,R(Ω) = e −iγĴz e −iβĴy e −iαĴz is the three-dimensional rotation operator in space, Ω = (α, β, γ) are the Euler angles, D I MK (Ω) is the Wigner function, and M and K denote the angular-momentum components along the laboratory and intrinsic z-axis, respectively [22, 25] . Note that unpaired MF states |ϕ conserve the third isospin component T z ; hence, the onedimensional isospin projection suffices.
The set of states (4) is, in general, overcomplete because the K quantum number is not conserved. This difficulty is overcome by selecting first the subset of linearly independent states known as collective space [22] , which is spanned, for each I and T , by the so-called natural states |ϕ; IM ; T T z (i) [26, 27] . The entire Hamiltonian -including the ISB terms -is rediagonalized in the collective space, and the resulting eigenfunctions are:
where the index n labels the eigenstates in ascending order according to their energies. The amplitudes a (n;ϕ) iIT define the degree of isospin mixing through the so-called isospin-mixing coefficients (or isospin impurities), determined for a given nth eigenstate as:
where the sum of norms corresponds to the isospin T dominating in the wave function |n; ϕ; IM ; T z .
One of the advantages of the projected DFT as compared to the shell-model-based approaches [2, 28] is that it allows for a rigorous quantum-mechanical evaluation of the Fermi matrix element using the bare isospin operators:
whereT 1 ±1 denotes the rank-one covariant one-body spherical-tensor operators in the isospace, see the discussion in Ref. [29] . Indeed, noting that each mth eigenstate (7) can be uniquely decomposed in terms of the original basis states (4),
with microscopically determined mixing coefficients f (ϕ; m,I) KT , the expression for the Fermi matrix element between the parent state |m; ϕ; IM ; T z and daughter state |n; ψ; IM ; T z ± 1 can be written as:
where tilde indicates the Slater determinant rotated in space: |ψ = |ψ(Ω) =R(Ω)|ψ . The matrix element appearing on the right-hand side of Eq. (11) can be expressed through the transition densities that are basic building blocks of the multi-reference DFT [24, [30] [31] [32] . Indeed, with the aid of the identitŷ
which results from the general transformation rule for spherical tensors under rotations or isorotations,
the matrix element entering Eq. (11) can be expressed as:
For unpaired Slater determinants considered here, the double integral over the isospace Euler angles in Eq. (11) can be further reduced to a one-dimensional integral over the angle β T using the identitŷ
which is the one-dimensional version of the transformation rule (13) valid for rotations around the Oz axis in the isospace. The final expression for the matrix element in Eq. (14) reads:
whereρ 1ν (Ω, β T , r) is the isovector transition density, and the double-tilde sign indicates that the right Slater determinant used to calculate this density is rotated both in space as well as in isospace: |ψ =R(β T )R(Ω)|ψ . The symbol N (Ω, β T ) = ϕ|R(β T )R(Ω)|ψ denotes the overlap kernel.
Since the natural states have good isospin, the states (7) are free from spurious isospin mixing. Moreover, since the isospin projection is applied to self-consistent MF solutions, our model accounts for a subtle balance between the long-range Coulomb polarization, which tends to make proton and neutron wave functions different, and the short-range nuclear attraction, which acts in an opposite way. The long-range polarization affects globally all s.p. wave functions. Direct inclusion of this effect in open-shell heavy nuclei is possible essentially only within the DFT, which is the only no-core microscopic framework that can be used there.
Recent experimental data on the isospin impurity deduced in 80 Zr from the giant dipole resonance γ-decay studies [33] agree well with the impurities calculated using isospin-projected DFT based on modern Skyrmeforce parametrizations [16, 23] . This further demonstrates that the isospin-projected DFT is capable of capturing the essential piece of physics associated with the isospin mixing.
B. The choice of Skyrme interaction
As discussed in Ref. [24] , the isospin projection technique outlined above does not yield singularities in energy kernels; hence, it can be safely executed with all commonly used energy density functionals (EDFs). However, as demonstrated in Ref. [14] , the isospin projection alone leads to unphysically large isospin mixing in oddodd N = Z nuclei. It has thus been concluded thatin order to obtain reasonable results -isospin projection must be augmented by angular-momentum projection. This not only increases the numerical effort, but also brings back the singularities in the energy kernels [14] and thus prevents one from using the modern parametrizations of the Skyrme EDFs, which all contain densitydependent terms [34] . Therefore, the only option [14] is to use the Hamiltonian-driven EDFs. For the Skyrmetype functionals, this leaves us with one choice: the SV parametrization [35] . In order to better control the timeodd fields, the standard SV parametrization must be augmented by the tensor terms, which were neglected in the original work [35] .
This density-independent parameterization of the Skyrme functional has the isoscalar effective mass as low as m * m ≈ 0.38, which is required to reproduce the actual nuclear saturation properties. The unusual saturation mechanism of SV has a dramatic impact on the overall spectroscopic quality of this force, impairing such key properties like the symmetry energy [14] , level density, and level ordering. These deficiencies also affect the calculated isospin mixing, which is a prerequisite for realistic estimates of δ C . In particular, in the case of 80 Zr discussed above, SV yields α C ≈ 2.8%, which is considerably smaller than the mean value ofᾱ C ≈ 4.4 ± 0.3% obtained by averaging over nine popular Skyrme EDFs including the MSk1, SkO', SkP, SLy4, SLy5, SLy7, SkM * , SkXc, and SIII functionals, see Ref. [16] for further details. Even though the ISB corrections δ C are primarily sensitive to differences between isospin mixing in isobaric analogue states, the lack of a reasonable Hamiltonianbased Skyrme EDF is probably the most critical deficiency of the current formalism.
The aim of this study is (i) to provide the most reliable set of the ISB corrections that can be obtained within the current angular-momentum and isospin-projected singlereference DFT, and (ii) explore the sensitivity of results to EDF parameters, choice of particle-hole configurations, and structure of time-odd fields that correlate valence neutron-proton pairs in odd-odd N = Z nuclei. In particular, to quantify uncertainties related to the Skyrme coupling constants, we have developed a new density-independent variant of the Skyrme force dubbed hereafter SHZ2, see Table I .
The force was optimized purposefully to properties of light magic nuclei below 100 Sn. The coupling constants t 0 , t 1 ,t 2 ,x 0 of SHZ2 were found by means of a χ 2 minimization to experimental [36] binding energies of five doubly-magic nuclei:
16 O, 40 Ca, 48 Ca, 56 Ni, and 100 Sn. The procedure reduced the χ 2 from ∼ 6.0 for SV set to ∼ 3.6 for SHZ2. Most of the nuclear matter characteristics calculated for both sets are similar. It appears, however, that the fit to light nuclei only weakly constrains the symmetry energy. The bulk symmetry energy of SHZ2 is a sym ≈ 42.2 MeV, i.e., it overestimates the accepted value a sym ≈ 32 ± 2 MeV by almost 30%. While this property essentially precludes using SHZ2 in detailed nuclear structure studies, it also creates an interesting opportunity for investigating the quenching of ISB effects due to the large isospin-symmetry-restoring components of the force. All calculations presented below were done by using the code HFODD [26, 37] , version (2.48q) or higher, which includes both the angular-momentum and isospin projections. In order to obtain converged results for isospin mixing with respect to basis truncation, in our SV calculations we used N = 10 harmonic oscillator (HO) shells for A < 40 nuclei, 12 shells for 40 ≤ A < 62 nuclei, and 14 shells for A ≥ 62 nuclei. In SHZ2 test calculations, we took N = 10 shells for A < 40 and N = 12 shells for A > 40 nuclei.
For the numerical integration over the Euler angles in space and isospace (α, β, γ; β T ) we used the GaussTchebyschev (over α and γ) and Gauss-Legendre (over β and β T ) quadratures. We took n α = n β = n γ = 20 and n βT = 8 (or 10) integration points. This choice guarantees that the calculated values of δ C are not affected by the numerical integration error.
III. ISB CORRECTIONS TO THE
The 0 + → 0 + Fermi β-decay proceeds between the ground state (g.s.) of the even-even nucleus |I = 0, T ≈ 1, T z = ±1 and its isospin-analogue partner in the N = Z odd-odd nucleus, |I = 0, T ≈ 1, T z = 0 . The corresponding transition matrix element is: (17) is approximated by a projected state
where |ψ is the g.s. of the even-even nucleus obtained in self-consistent MF calculations. The state |ψ is unambiguously defined by filling in the pairwise doubly degenerate levels of protons and neutrons up to the Fermi level. The daughter state |I = 0, T ≈ 1, T z = 0 is approximated by
where the self-consistent Slater determinant |ϕ ≡ |ν ⊗π (or |ν ⊗π ) represents the so-called anti-aligned configuration, selected by placing the odd neutron and the odd proton in the lowest available time-reversed (or signaturereversed) s.p. orbits. The s.p. configuration |ν ⊗ π manifestly breaks the isospin symmetry as schematically depicted in Fig. 1 . The isospin projection from |ϕ as expressed by Eq. (19) is essentially the only way to reach the |T ≈ 1, I = 0 states in odd-odd N = Z nuclei. The odd-neutron (jν ) and odd-proton (jπ) angular momentum oriented along the Ox, Oy, or Oz axes is shown by thin arrows. Note that in each case the total angular-momentum alignment, jν + jπ, is zero.
At variance with the even-even parent nuclei, the antialigned configurations in odd-odd daughter nuclei are not uniquely defined. One of the reasons, which was not fully appreciated in our previous work [15] , is related to the relative orientation of the nuclear shapes and currents associated with the valence neutron-proton pairs. In all signature-symmetry-restricted calculations for triaxial nuclei, such as ours, there are three antialigned Slater determinants with the s.p. angular momenta (alignments) of the valence protons and neutrons pointing, respectively, along the Ox, Oy, or Oz axes of the intrinsic shape defined by means of the long (Oz), intermediate (Ox), and short (Oy) principal axes of the nuclear mass distribution. These solutions, hereafter referred to as |ϕ X , |ϕ Y , and |ϕ Z , are schematically illustrated in Fig. 2 . Their properties can be summarized as follows:
• The three solutions are not linearly independent.
Their Hartree-Fock (HF) binding energies may typically differ by a few hundred keV. The differences come almost entirely from the isovector correlations in the time-odd channel, as shown in the lower panel of Fig. 3 for a representative example of 34 Cl. Let us stress that these poorly-known correlations may significantly impact the ISB corrections, as shown in the upper panel of Fig. 3 .
• The type of the isovector time-odd correlations captured by the HF solutions depends on the relative orientation of the nucleonic currents with respect to the nuclear shapes. Solutions oriented perpendicular to the long axis, |ϕ X and |ϕ Y , are usually similar to one another (they yield identical correlations for axial systems) and differ from |ϕ Z , oriented parallel to the long axis, which captures more correlations due to the current-current time-odd interactions.
• The three |T = 1, I = 0 + states projected from the |ϕ X , |ϕ Y , and |ϕ Z Slater determinants differ in energy by only a few tens of keV, see the lower panel of Fig. 3 . Hence, energy-wise, they represent the same physical solution, differing only slightly due to the polarization effects originating from different components of the time-odd isovector fields. However, since these correlations are completely absent in the even-even parent nuclei, they strongly impact the calculated δ C . The largest differences in δ C have been obtained for A = 34 and A = 74 systems, see Fig. 3 and Tables II and III. • Symmetry-unrestricted calculations always converge to the signature-symmetry-conserving solution |ϕ Z which, rather surprisingly, appears to be energetically unfavored (except for 18 F). In spite of our persistent efforts, no self-consistent tilted-axis solutions have been found.
B. Nearly degenerate K-orbitals
Owing to an increased density of s.p. Nilsson levels in the vicinity of the Fermi surface for nearly spherical nuclei, there appears another type of ambiguity in choosing the Slater determinants representing the anti-aligned configurations. Within the set of nuclei studied in this work, this ambiguity manifests itself particularly strongly in 42 Sc, where we deal with four possible anti-aligned MF configurations built on the Nilsson orbits originating from 0.5 the spherical νf 7/2 and πf 7/2 sub-shells. These configurations can be labeled in terms of the quantum number K as |νK ⊗ πK with K = 1/2, 3/2, 5/2, and 7/2.
In the extreme shell-model picture, each of these states contains all the T = 1 and I=0, 2, 4, and 6 components. Within the projected DFT picture, owing to configuration-dependent polarizations in time-odd and time-even channels, the situation is more complicated because the Slater determinants |νK ⊗ πK corresponding to different K-values are no longer degenerate. Consequently, for each angular momentum I, one obtains four different linearly-dependent solutions. Calculations show that in all I=0 and T ≈ 1 states of interest, the isospin mixing α C is essentially independent of the choice of the initial Slater determinant. In contrast, the calculated ISB corrections δ C and energies depend on K, see Fig. 4 .
C. Theoretical uncertainties and error analysis
Based on the discussion presented in Secs. III A and III B, the recommended calculated values of δ C for the superallowed 0 + → 0 + β-decay are determined by averaging over three relative orientations of shapes and currents. Only in the case of A = 42, we adopt for δ C an arithmetic mean over the four configurations associated with different K-orbitals.
To minimize uncertainties in α C and δ C associated with the truncation of HO basis in HFODD, we used different With increasing N , δ C increases, and asymptotically it reaches the value of 0.8096(12)%. This limiting value is about 6.7% larger than the value of 0.7587% obtained for N = 12 shells, that is, for a basis used to compute the 42 ≤ A ≤ 54 cases. For 62 ≤ A ≤ 74 nuclei, which were all found to be triaxial, we have used N = 14 shells. The further increase of basis size is practically impossible. Nonetheless, as seen in Fig. 5 , a rate of increase of δ C slows down exponentially with N , which supports our 10% error estimate due to the basis truncation.
The total error of the calculated value of δ C includes the standard deviation from the averaging, σ n , and the assumed 10% uncertainty due to the basis size: ∆(δ C ) = σ 2 n + (0.1δ C ) 2 . The same prescription for ∆(δ C ) was also used in the test calculations with SHZ2, even though a slightly smaller HO basis was employed in that case.
For A = 38 nuclei, our model predicts the unusually large correction δ C ≈ 10%. The origin of a very different isospin mixing obtained for odd-odd and even-even members of this isobaric triplet is not fully understood. Most likely, it is a consequence of the poor spectroscopic properties of SV. Indeed, as a result of an incorrect balance between the spin-orbit and tensor terms in SV, the 2s 1/2 subshell is shifted up in energy close to the Fermi surface. This state is more sensitive to time-odd polarizations than other s.p. states around 40 Ca core, see Table  I in Ref. [38] . The calculated equilibrium deformations (β 2 , γ) of the T z ± 1 and T z = 0 A = 38 isobaric triplet are very similar, around (0.090, 60
• ). In the following, the 38 K→ 38 Ar transition is excluded from the calculation of the V ud matrix element. The results of our calculations are collected in Tables II  and III , and in Fig. 6 . In addition, Fig. 7 shows the differences, δ
, between our results and those of Ref. [2] . In spite of clear differences between SV and HT, which can be seen for specific transitions including those for A = 10, 34, and 62, both calculations reveal a similar increase of δ C versus A, at variance with the RPA calculations of Ref. [12] , which also yield systematically smaller values.
The ISB corrections used for further calculations of V ud are collected in Table II . Let us recall that our preference is to use the averaged corrections and that the 38 K→ 38 Ar transition has been disregarded. All other ingredients needed to compute the F t-values, including radiative corrections δ ′ R and δ NS , are taken from Ref. [2] , and the empirical f t-values are taken from Ref. [4] . For the sake of completeness, these empirical f t-values are also listed in Table II. In the error budget of the resulting F t-values listed in Table II , apart from errors in the f t values and radiative corrections, we also included the uncertainties estimated for the calculated values of δ C , see Sec. III C. To conform with HT, the average value F t = 3073.6(12)s was calculated by using the Gaussian-distribution-weighted formula. However, unlike HT, we do not apply any fur- ther corrections to F t. This leads to |V ud | = 0.97397 (27) , which agrees very well with both the HT result [2] , |V (HT) ud | = 0.97418 (26) , and the central value obtained from the neutron decay |V (ν) ud | = 0.9746 (19) [9] . A survey of the |V ud | values deduced by using different methods is given in Fig. 8 . By combining the value of |V ud | calculated here with those of |V us | = 0.2252 (9) and |V ub | = 0.00389(44) of the 2010 Particle Data Group [9] , one obtains
which implies that the unitarity of the first row of the CKM matrix is satisfied with a precision better than 0.1%. A survey of the unitarity condition (20) is shown in Fig. 9 .
It is worth noting that by using δ C values corresponding to the fixed current-shape orientations (|ϕ X , |ϕ Y , or |ϕ Z ) instead of their average, one still obtains compatible results for |V ud | and unitarity condition (20) , see Figs. 8 and 9. Moreover, the value of |V ud | obtained by using SHZ2 is only ≈0.024 % smaller than the SV result, see Table II . This is an intriguing result, which indicates that an increase of the bulk symmetry energy -that tends to restore the isospin symmetry -is partly compensated by other effects. The most likely origin of this compensation mechanism is due to the time-odd spin-isospin mean fields, which are poorly constrained by the standard fitting protocols of Skyrme EDFs [41] [42] [43] . For instance, if one compares the Landau-Migdal parameters characterizing the spin-isospin time-odd channels [41] [42] [43] To illustrate the compensation mechanism related to the bulk symmetry energy and g 0 , in Fig. 10 we plot δ C for the 14 O→ 14 N→ 14 C super-allowed 0 + → 0 + transitions as functions of the bulk symmetry parameter a sym for a set of SV-based Skyrme forces with systematically varied x 0 parameter. At a functional level, x 0 affects only two Skyrme coupling constants (see e.g. Appendix A in Ref. [20] ):
The coupling constant C [39] and neutron-decay [9] studies. The open circle shows |V ud | deduced from the β-decays in the T = 1/2 mirror nuclei [40] . ISB correction in Fig. 10 exhibits a minimum indicating the presence of the compensation effect. Similar effect was calculated for the A = 34 transitions. Hence, it is safe to state that our exploratory calculations are indicative of the interplay between the symmetry energy and time-odd fields.
E. Confidence level test
In this section, we present results of the confidencelevel (CL) test proposed in Ref. [4] . The CL test is based on the assumption that the CVC hypothesis is valid up to at least ±0.03%, which implies that a set of structure- dependent corrections should produce statistically consistent set of F t-values. Assuming the validity of the calculated corrections δ NS [6] , the empirical ISB corrections can be defined as:
By the least-square minimization of the appropriate χ 2 , and treating the value of F t as a single adjustable parameter, one can attempt to bring the set of empirical values δ (exp) C as close as possible to the set of δ C . The empirical ISB corrections deduced in this way are tabulated in Table II and illustrated in Fig. 11 . Table II also lists individual contributions to the χ 2 budget. The obtained χ 2 per degree of freedom (n d = 11) is χ 2 /n d = 10.2. This number is twice as large as that quoted in our previous work [15] , because of the large uncertainty of δ C for the 34 Cl→ 34 S transition. Other than that, both previous and present calculations have difficulty in reproducing the strong increase for A = 62. Our χ 2 /n d is also higher than the perturbative-model values reported in Ref. [4] (χ 2 /n d = 1.5), shell model with Woods-Saxon (SM-WS) radial wave functions (0.4) [2] , shell model with Hartree-Fock (SM-HF) radial wave functions (2.0) [3, 45] , Skyrme-Hartree-Fock with RPA (2.1) [11] , and relativistic Hartree-Fock plus RPA model (RHF-RPA) [12] , which yields χ 2 /n d = 1.7. It is worth noting that after disregarding the two transitions that strongly violate the CVC hypothesis, 34 Cl→ 34 S and 62 Ga→ 62 As that, and then performing a new CL test for the remaining ten transitions (n d = 9), the normalized χ 2 drops to 1.9. Within this restricted set of data, the calculated |V ud | = 0.97420 (28) and unitarity condition 0.99978(68) almost perfectly match the results of Ref. [2] . 
F. ISB corrections in 78 ≤ A ≤ 98 nuclei
Our projected DFT approach can be used to predict isospin mixing in heavy nuclei. The calculated ISB corrections and Q-values in 78 ≤ A ≤ 98 nuclei are listed in Table IV . The values of δ C are also shown in Fig. 12 . Note that the predicted ISB corrections are here considerably smaller than those in A=70 and A=74 nuclei, see Tables II and III . For the sake of comparison, Fig. 12 also shows predictions of Ref. [46] for the 82 Nb→ 82 Zr transition using the VAMPIR approach with either chargeindependent Bonn A potential or charge-dependent Bonn CD potential. Note that our prediction is only slightly below the Bonn A result and significantly lower than the Bonn CD value. For the sake of completeness, it should be mentioned that our Q β -value of 10.379 MeV for this transition agrees well with Q β = 10.496 MeV (Bonn A) and 10.291 MeV (Bonn CD) calculated within the VAM-PIR approach.
Our calculated values of δ C are in heavy nuclei considerably smaller than those obtained from a perturbative expression [4, 10, 47 ]:
where n and ℓ denote the number of radial nodes and angular momentum of the valence s.p. spherical wave function, respectively. Indeed, assuming the valence 1p 1/2 state in A = 78, Eq. (24) yields δ C =1.54%. In heavier nuclei, where the spherical valence state is 0g 9/2 , Eq. (24) TABLE IV. Results of calculations for the superallowed β-decays in 78 ≤ A ≤ 98 nuclei: the isospin impurities in the parent and daughter nuclei; δC for different shape-current orientations; averaged (recommended) δC; calculated equilibrium deformations β2 and γ; and Q β -values calculated here and estimated from the extrapolated masses of Ref. [36] . [46] by using the VAMPIR formalism with the charge-independent Bonn A and charge-dependent Bonn CD interactions.
gives δ C values that increase smoothly from 1.30% in A = 82 to 1.64% in A = 98.
IV. ISB CORRECTIONS TO THE FERMI MATRIX ELEMENTS IN MIRROR-SYMMETRIC
Transitions between the isobaric analogue states in mirror nuclei |T = 1/2, I, T z = −1/2 →|T = 1/2, I, T z = +1/2 offer an alternative way to extract the F t-values [48] and V ud [40, 49] . Those transitions are mixed Fermi and Gamow-Teller, meaning that they are mediated by both the vector and axial-vector currents. Hence, the extraction of V ud requires -in addition to lifetimes and Q-values -measuring another observable, such as the beta-neutrino correlation coefficient, beta-asymmetry, or neutrino-asymmetry parameter [50, 51] . Moreover, the method depends on the radiative and ISB corrections to both the Fermi and Gamow-Teller matrix elements. In spite of these difficulties, current precision of determination of V ud using the mirror-decay approach is similar to that offered by neutron-decay experiments [9, 40, 49] , see also Figs. 8 and 9.
Within our projected-DFT model, we performed systematic calculations of ISB corrections to the Fermi matrix elements, δ V C , covering the mirror transitions in all 11 ≤ A ≤ 49 nuclei. Calculations were based on the Slater determinants corresponding to the lowest-energy, unrestricted-symmetry HF solutions. If the unrestrictedsymmetry calculations did not converge, the projection was applied to the constrained HF solutions with imposed signature symmetry. These two types of solutions differ, in particular, in relative shape-current orientation, which also varies with A depending on the s.p. orbit occupied by an unpaired nucleon. It should be underlined, however, that the HF solutions corresponding to the β-decay partners were always characterized by the same orientation of the odd-particle alignment with respect to the bodyfixed reference frame. All calculations discussed in this section were performed by using the full basis of N = 12 HO shells and the SV force.
The obtained values of the ISB corrections to the Fermi transitions,
are collected in Table V and illustrated in Fig. 13 . Since the calculations were performed in a relatively large basis, the basis-cut-off-related uncertainty in δ + was taken instead. It should be mentioned that, owing to the poor spectroscopic quality of SV, the projected states corresponding to I V. Results of calculations for |T = 1/2, I, Tz = −1/2 →|T = 1/2, I, Tz = +1/2 β-decays between mirror nuclei: theoretical spin and parity assignments; isospin-mixing coefficients in the parent and daughter nuclei; ISB corrections calculated in this work (asterisks denote results obtained within unrestricted-symmetry calculations); ISB corrections of Ref. [48] ; quadrupole equilibrium deformation parameters in the parent nuclei; and theoretical and experimental Q β values. The V ud values extracted by using diverse techniques including 0 + → 0 + nuclear decays, nuclear mirror decays, neutron decay, and pion decay are subject to both experimental and theoretical uncertainties. The latter pertain to calculations of radiative processes and -for nuclear methods -to the nuclear ISB effect. The uncertainties in radiative and ISB corrections affect the overall precision of V ud at the level of a few parts per 10 4 each [1, 51] . It should be stressed, however, that the ISB contribution to the error bar of V ud was calculated only for a single theoretical model (SM-WS). Other microscopic models, including the SM-HF [3] , RH-RPA [12] , and projected DFT [15] , yield δ C corrections that may differ substantially from those obtained in SM-WS calculations.
Inclusion of the model dependence in the calculated uncertainties is expected to increase the uncertainty of V ud . According to Ref. [52] the increase can reach even an order of magnitude. In our opinion, a reasonable assessment of systematic errors (due to the model dependence) cannot be done at present, as it requires the assumption that all the nuclear structure models considered are either equally reliable or their performance can be graded in an objective way.
A good way to verify the reliability of various models is to compare their predictions with empirically determined δ C . Recently, an anomalously large value of δ C ≈ 5.3(9)% has been determined from a precision measurement of the γ yields following the β-decay of I = 1 + , T = 1 state in 32 Cl to its isobaric analogue state (Fermi branch) in 32 S [53] . This value offers a stringent test on nuclearstructure models, because it is significantly larger than any value of δ C in the A = 4n + 2 nuclei. The physical reason for this enhancement can be traced back to a mixing of two close-lying I = 1 + states seen in 32 S at the excitation energies of 7002 keV and 7190 keV, respectively [54] . The lower one is the isobaric analogue state having predominantly T = 1 component while the higher one is primarily of T = 0 character.
The experimental value δ C ≈ 5.3(9)% is consistent with the SM-WS calculations: δ C ≈ 4.6(5)%. In our projected-DFT approach, we also see fingerprints of the strong enhancement in δ C value in 32 Cl as compared to other A = 4n + 2 nuclei. Unfortunately, a static DFT approach based on projecting from a single reference state is not sufficient to give a reliable prediction. This is because, as sketched in Fig. 14 The total signature of valence particles determines the total signature of the odd-odd nucleus and, in turn, an approximate angular-momentum distribution in its wave function [55] ; the total additive signature α T (mod2) = 0(1) corresponds then to even (odd) spins in the wave function [56] . It is immediately seen that the anti-aligned configuration shown in Fig. 14 has α T = 0; hence, in the first approximation, it can be disregarded. In this sense, the reference wave function in 32 Cl (or, in general, in any N − Z = ±2 odd-odd nucleus) corresponds to the uniquely defined aligned state. As seen in Fig. 14, this does not hold for 32 S (or, in general, for any N = Z even-even nucleus), where one must consider two possible Slater determinants having α T = 1, obtained by a suitable proton or neutron particle-hole excitation.
The above discussion indicates that, contrary to transitions involving the odd-odd N = Z nuclei studied in Sec. III, those involving even-even N = Z nuclei cannot be directly treated within the present realization of the model. To this end, the model requires enhancements including the configuration mixing (multi-reference DFT). Nevertheless, we have carried out an exploratory study by independently calculating two ISB corrections for the two configurations discussed above. These calculations proceeded in the following way:
• We select the appropriate reference configurations which, in the present case, are:
ν [4, 5, 3, 3] π [5, 6, 3, 3] in 32 Cl and ϕ I : ν [5, 5, 3, 3] π [4, 6, 3, 3] and ϕ II : ν [4, 6, 3, 3] π [5, 5, 3, 3] in 32 S. The labels denote the numbers of neutrons and protons occupying the lowest Nilsson levels in each parity-signature block (π, r) = (+, +i), (+, −i), (−, +i), (−, −i) counting from the bottom of the HF potential well, as defined in Ref. [57] .
• We determine the lowest |I π = 1 + , T ≈ 1, T z = −1 and |ϕ i ; I π = 1 + , T ≈ 1, T z = 0 (i = I, II) states by projecting onto subspaces of good angular momentum and isospin, and performing the K-mixing and Coulomb rediagonalization as described in Sec. II.
• Finally, we calculate matrix elements of the Fermi operatorT ± and extract δ C .
The resulting ISB corrections are δ (ϕI) C = 2.40(24)% and δ (ϕII) C = 4.22(42)% for the ϕ I and ϕ II configurations, respectively. As before, we assumed a 10% error due to the basis size (N = 10 spherical HO shells). Projections from the same configurations cranked in space to Ĵ y = 1 (see discussion in Ref. [27] ) leaves ISB corrections almost unaffected: δ (ϕI) C = 2.41(24) % and δ (ϕII) C = 4.30(43) %. A simple average value would read δ C = 3.4(10)%, which is indeed strongly enhanced as compared to the A = 4n + 2 cases. The obtained central value is smaller than both the empirical value and the SM-WS result. It is worth noting, however, that within the stated errors our mean value 3.4(10)% agrees with the SM-WS value 4.6(05)%. Whether or not the configuration-mixing calculations would provide a significant enhancement is an entirely open question.
VI. SUMMARY AND PERSPECTIVES
Within the recently-developed unpaired projected-DFT approach, we carried out systematic calculations of isospin mixing effects and ISB corrections to the superallowed 0 + → 0 + Fermi decays in 10 ≤ A ≤ 74 nuclei and β-transitions between the isobaric analogue states in mirror T = 1/2 nuclei with 11 ≤ A ≤ 49. Our predictions are compared with empirical values and with predictions of other theoretical approaches. Using isospin-breaking corrections computed in our model, we show that the unitarity of the CKM matrix is satisfied with a precision better than 0.1%. We also provide ISB corrections for heavier nuclei with 78 ≤ A ≤ 98 nuclei that can guide future experimental and theoretical studies.
We carefully analyze various model assumptions impacting theoretical uncertainties of our calculations: basis truncation, definition of the intrinsic state, and configuration selection. To assess the robustness of our results with respect to the choice of interaction, we compared SV results with predictions of the new force SHZ2 that has been specifically developed for this purpose. The comparison of SV and SHZ2 results suggest that ISB corrections are sensitive to the interplay between the bulk symmetry energy and time-odd mean-fields.
While the overall agreement with the empirical values offered by the projected-DFT approach is very encouraging, and the results are fairly robust, there is a lot of room for systematic improvements. The main disadvantages of our model in its present formulation include: (i) lack of pairing correlations; (ii) lack of ph interaction (or functional) of good spectroscopic quality; (iii) the use of a single HF reference state that cannot accommodate configuration mixing effects; (iv) ambiguities in establishing the HF reference state in odd and odd-odd nuclei caused by different possible orientations of timeodd currents with respect to total density distribution. The work on various enhancements of our model, including the inclusion of T = 0 and T = 1 pairing within the projected Hartree-Fock-Bogoliubov theory, better treatment of configuration mixing using the multi-reference DFT, and development of the spectroscopic-quality EDF used in projected calculations, is in progress.
